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Abstract

The paper presents a numerical solution of an
axisymmetric turbulent jet discharging axially from
below into a cylindrical tank and directed towards
the liquid vapor interface. The liquid-vapor inter-
face is assumed to be flat and shear free. The
k-¢ turbulence model is used to calculate the eddy
viscosity. The turbulence intensity distribution
and the length scale associated with the k-e model
are catculated as functions of jet flow rates and
system parameters. Numerical results are compared
with appropriate experimental data. The problems
associated with the free surface boundary condi-

tions for the turbulent quantities are discussed.
Nomenclature

Cy, Cp, Cu constants in k-¢ turbulence model

D tank diameter

d jet or nozzle diameter

G turbulence generation term

g acceleration due to gravity

Kk turbulent kinetic energy

L length scale, k3/2/¢

1 Prandtl mixing length

p pressure

Q volume flow rate

R tank radius

r radial coordinate measured from the

centerline

Rej jet Reynolds number, pUjd/p

U mean axial velocity

u rms value of axial fluctuation velocity

v mean radial velocity

v rms value of radial fluctuation

velocity
X axial coordinate measured from the

tank bottom

Xg liquid height above the jet
y distance measured from the nozzle wall

Greek symbols:

€ dissipation rate of turbulent kinetic
energy

K Von Karman constant (= 0.42)

A integral length scale of turbulent
eddies

n liquid viscosity

Mt eddy viscosity

Weff effective viscosity

P liquid density

ok Prandt! number in k equation

Oe Prandtl number in ¢ equation

Subscripts:

J evaluated based on jet nozzle dimension

S evaluated at liquid-vapor interface
location

Background

The present work is motivated by the fluid mix-
ing and the liquid-vapor interface condensation
problems which may be encountered during the on-
orbit storage and transfer of subcritical cryogens
and the pressure control of the storage tank. The
liquid-vapor interface location and configuration
are not well defined in micro-gravity environments.
Therefore, direct venting of vapor to control the
tank pressure either during long-term storage or
during the filling process of an empty tank is not
a viable option. The problems associated with
direct venting in low-gravity conditions are ade-
quately described by Labus et al.! Realization of
these problems has led to the development of the
concept of thermodynamic vent system -3 (TVS) for
the pressure control of cryogenic storage tanks and
the "no-vent" fill technique>:® for filling tanks
with cryogens. The rate of vapor condensation on
to a liquid surface and the fluid mixing process
are important problems associated with these
systems.



Fluid Mixing

Experimental investigations’-9 of fluid mixing
due to an axial dyed jet introduced into an isother-
mal fluid (ethanol), were performed in both normal
and reduced gravity environments. Based on the
findings of these tests, axial liquid jets are con-
sidered as the preferred technique for providing
fluid mixing in low-gravity conditions. The
desired objective of the use of axial liquid jet is
to control the tank pressure by destroying thermal
stratification of the stored liquid and by enhancing
the rate of condensation of the vapor on the liquid-
vapor interface.

Vapor Condensation on the Liquid Surface

Experimental findings have established that the
rate of the vapor condensation onto the liquid can
be greatly enhanced by the introduction of turbu-
lence beneath the liquid surface. Sonin et al.l
and Helmick et al.!l measured the steady state rate
of condensation of nearly saturated steam onto a
turbulent liquid surface. The turbulence on the
liquid side was produced by a single axial jet
directed towards the liquid surface from below.

The geometrical configuration shown in Fig. 1 is an
adaptation of the test cell used by Sonin et al.10
For a fixed water level, condensation rates were
experimentally determined as a function of liquid
side turbulence intensity. The turbulent intensity
was controlled by varying the jet flow rate. The
turbulence intensity v (rms value of fluctuating
velocity), its spatial distribution and the turbu-
lence macro scale, were measured in the absence of
condensation. These measurements were performed at
axial locations greater than 3D from the jet inlet.
It was argued and subsequently supported by experi-
mental measurement, that in the upper region (x/D >
3), the turbulent velocities are much larger than
any mean circulatory velocities. It was also estab-
lished that at some distance below the interface
(away from the damped layer) the turbulence is
approximately isotropic in the horizontal plane and
is essentially unaffected by the proximity of the
interface, and the length scale of turbulence is
locked to the system diameter, D. The most signifi-
cant finding of these investigations!O.11 is that
for a shear-free and wave-free liquid interface,

the condensation rate can be characterized in terms
of the liquid-side turbulence characteristics v

and A. Empirical correlations to describe the con-
densation rate, the turbulence intensity near the
surface, and the conditions under which they apply
are fully discussed in Refs. 10 and 11. The objec-
tive of the present work is to compute turbulence
characteristics of the physical system of Refs. 10
and 11 by solving the appropriate governing equa-
tions numerically.

Problem Formulation

The Physical Problem

The geometric configuration and the coordinates
system used to analyze the problem are shown in
Fig. 1. A cylindrical tank of diameter D is par-
tially filled with 1iquid. A circular liquid jet
of diameter d directed upward along the tank cen-
tral axis is introduced at the bottom of the tank.

Liquid is withdrawn from the outer part of the bot-
tom of the tank. The volume flow rate of the

liquid withdrawn is the same as that of the injected
liquid. Therefore, the liquid level above the jet
remains constant. The outflow area is made much
larger than the inflow jet area, so that the outfliow
velocity is negligibly small compared with the jet
velocity. However, in numerical computation the
outflow velocity term is retained, even though it

is two orders of magnitude lower than the jet inlet
velocity. The injected liquid and the tank liquid
temperatures are assumed to be the same and uniform.
Therefore, the effects of heat transfer and thermal
stratification on the flow field and the evolution
of turbulence are not considered in the present
analysis.

The geometric parameters of the problem are
the ratios of the tank diameter to jet diameter,
D/d, and the liquid height above the jet to the
tank diameter xg/D. In the present analysis only
the parameter xg/D is varied.

Governing Equations

The jet considered in the present.analysis is
an axisymmetric turbulent jet. The flow is steady-
state and incompressible. The liquid-vapor inter-
face is assumed to be flat and shear free. The
k-¢ model of Jones and Launder'Z is chosen for cal-
culating the eddy viscosity. The time-averaged con-
tinuity, momentum and k-¢ equations are:

Conservation of mass

3 1
a(pU)+W(rpV)=0 [@D]
Conservation of x-momentum
(.2 9 a auy , 3. ay
ax (pU > * Tor (rpV) = x (“eff ax/ * Tar \"Meff ar)
3p 9 au 2 9 av
* {' ax * P9t % \Meff 3x " 3 pk) * Tor (r“eff ax>}
(2)
Conservation of r-momentum
3 N A _ 3 v
v () + 77 (V") = &5 (verr &)
i av a3 y
+ 755 (vere 50 + {‘ 3+ B (verr 3
8 v _ 2 v
* Far (r“eff ar 3 P”‘) - ZMors rz} 3

k-¢
& k) & = (roUk) = & [[ s o) 2K
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where the turbulence production term, G,

by
-2l

The terms in the braces,
each equation are the source terms.
viscosity is given by the expression:

-4

*{E‘ (CIG“eff - C2p°>} 5

is defined

2

SENONREC R M

on the right-hand side of
The turbulent

2
c ek

n e ; Heff = M + By o

By =

Numerical values of the empirical constants associ-
ated with the turbulence model are!Z.l3

C, = 1.44 | C, =1.92, C =0.09,
1 2 o
KZ
o, = 1.0, k=042 and o = 7+
Kk € (C - C > C1/2
2 1/ "u

(8

Boundary Conditions

The flow domain between 0 ¢ r < D/2, and
0 < x ¢ xg 1is considered for the computations.
The flow problem considered in the present analysis
has a line on symmetry along the tank central

axis. The symmetric conditions at the center line
are:

Wk e, .

r = or =0, and V=0 9

At the wall no-slip boundary conditions apply

U=V=x=0. ao

Also, the wall functions!4 are used to calculate
shear- stress and are included as a source term for
velocity component parallel to the wall in the
governing equations.

The velocity and the turbulent kinetic energy
are assumed uniform at the jet inlet.

k = 0.005 U2

j an

U=u,,

j V=0 and

Thg distribution of the dissipation rate is given

by®:

3/2
. H

VLN Sl

€ = C a2

Where the mixing length scale, 1, is given by the
expressions:
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y < <g>(§E) where y = g -r
|- cp(g-) > (%)GK) BNSEY

1 = ky

At the bottom of the tank (i.e., x = 0), where
the liquid is withdrawn, the velocity is assumed to
be uniform and equal to Q/A, where Q 1is the jet

inflow rate and A is the tank outflow area.

The boundary conditions for the turbulence
quantities, k and e at the liquid vapor inter-
face, pose special problems in the numerical compu-
tation. To our knowledge, the appropriate boundary
conditions for k and e at the interface have
not been established either theoretically or empiri-

cally. In the present analysis it is assumed that
at the free surface

ok _ de _

ax = 3 - 0 (14)

Also, the assumption of the flat and shear free
interface implies:

V.0 at x=x (15)

u=0, 3x s

Numerical Solution

Solution Methodology

The governing equations (Eqs. (1) to (5)) were
solved by a finite difference numerical scheme.
The finite-difference equations were derived by
integrating the differential equations over an ele-
mentary control volume surrounding a grid node
appropriate for each dependent variable. A stag-
gered grid system was used. The scalar properties
P, k and ¢ were stored midway between the U
and V wvelocity gr1d nodes. The bounded skew
hybrid d1fferenc1ng was incorporated for the con-
vective terms and the integrated source terms were
linearized. The pressure distribution was obtained
by means of pressure implicit split operation
(Prsoy 17 predictor-corrector technique.

The calculations were performed with a nonuni-
form grid distribution with the concentration of
grid nodes near the center line, the wall and the
interface regions where the gradients of flow prop-
erties are expected to be large. The grid independ-
ent solutions were determined by trial runs.

A 36 by 31 grid in the x and r direction,
respectively, was used for xg/D = 3.67. Comparison
of numerical results of this grid size with that
obtained by using higher grid numbers shows that

the solutions are essentially grid independent.

For xg/D greater that 3.67, higher grid numbers
were used in the x-direction (56 by 31, for

xg/D = 7.2).

The finite difference equations were solved
iteratively by the ADI method with under relaxa-
tion!> until the solution converged. The maximum
absolute residual sums for each dependent variable
less than 0.005 was used as a criterion of conver-
gence. Based on this criterion, the convergent



solutions were obtained within 1500 iterations,
with 0.8 sec/iteration on CRAY-XMP CPU time for
initial quessed solutions set of zero.

Parameters

The numerical solutions presented in this
paper were performed using the input conditions
representative to those of experiments of Refs. 10
and 11. The thermophysical properties of liquid
water at 20 °C were used in all computations. The
tank diameter, D, and the jet diameter, d, were set
equal to 15.3 and 0.64 cm, respectively (same as
those of Ref. 10). The jet Reynolds numbers were
varied between 30 000 to 110 000, depending upon
the liquid height to the tank diameter ratios,
xg/D. Most of the calculations were performed for
xg/D of 3.67 and 4.65. For high jet Reynolds
number, numerical solutions were also obtained for
xs/D = 7.2, to investigate what effect, if any, the
large liquid depth has on the solution.

Results and Discussion

The numerical solutions of the differential
Egs. (1) to (5), with the empirical coefficients of
the turbulence model given by Eq. (8), subject to
the boundary conditions (9) to (15), yielded distri-
butions of mean flow velocities U and V, the tur-
bulent kinetic energy, k, and the dissipation of
the turbulence kinetic energy, . As noted in the
preceding section, the geometrical configuration and
the input conditions used in the present_analysis
are similar to those of the experiments.'VY.
Therefore, the numerical results that offer direct
comparison with the experiments are presented in
this paper. A detailed analysis of the numerical
results encompassing a wide range of parameters is
still being performed and will be reported in the
future.

The numerical results for the rms value of the
turbulence velocity, v, (calculated from the expres-
sion k = (3/2)v2) at a fixed axial location,

x/D = 3.33, and two radial locations r/R = 0 and
r/R = 0.62, are presented in Fig. 2, where they are
plotted as a function of the jet flow rate. The
abscissa is chosen as Q/Dd, to facilitate compari-
son with the experiment. The experimental rms
values'V of either the vertical or horizontal fluc-
tuating velocity are shown on the figure for
comparison. The range of jet Reynolds numbers for
the stated range of flow rates varies between

30 000 to 80 000. The liquid height to the tank
diameter ratio, xg/D, for the experiment was 3.67.
The numerical results presented in Fig. 2 correspond
to this value of xg/D. The horizontal sampling
region for the experimental data extended from the
axis to the 2/3 radius of the test cell. The exper-
imental data show that for x/D > 3, and at a
istance of the damped layer thickness (=0.3D) below
the interface, the turbulence is essentially iso-
tropic in a horizontal plane. The numerical results
obtained by using the k-¢ model are shown in

Fig. 2. The solid lines drawn in Fig. 2 show the
numerical results of v at the axis and at a radial
distance of 0.62R. Almost all of the measured data
fall between these two lines and show excellent com-
parison with the numerical results. Both the exper-
imental as well as the numerical results show almost
a linear relation between v and Q/Dd.

Figure 3 shows the variation of the turbulence
velocity along the central axis as a function of
distance from the interface. The measured values
of the vertical and horizontal fluctuating valoci-
ties as reported in Ref. 11 are included for
comparison. Both the measured and calculated
results correspond to jet Reynolds number of 51 000
and xg/D = 3.67. The experimental results suggest
that a depth of about 0.13D below the interface
the turbutence is approximately isotropic and is
essentially unaffected by the interface. The numer-
ical results are in excellent agreement with the
experiment in this region. The vertical turbulent
velocity closer to the surface damps out. Its
kinetic energy is imparted to the horizontal compo-
nents with a resultant increase in the horizontal
turbulent velocities. Therefore, the turbulence
closer to the surface is nonisotropic and the use
of k-e¢ model may not be appropriate. The compari-
son between the numerical results and experimental
data worsens as the free surface is approached.

Sonin, et al.10 obtained an approximate analyt-
jcal solution for the turbulence distribution by
applying the high Reynolds number form of the k-e
model of turbulence to the region x/D > 3, where
the mean circulatory velocity is small compared
with fluctuating velocities. They assumed that the
turbulent kinetic energy, k, can be approximated as
a function of x alone and the length scale
L = k3/2/¢ in the model is constant and locked to
the tube diameter. The analytical solution of the
k-e model for purely diffusive turbulence shows
that the isotropic turbulent velocity and the
length scale are given by the expressions:

vV o= b(%a>exp<:lﬁggi> ae)

where b and R are constants

an

By comparing this solution with the experimental
results Sonin et al.'V suggested the values of

B=1.1and b = 21.8 for high Reynolds number
flows.

The experimental datalO used to fix the value
of B are reproduced in Fig. 4 along with the

numerical solution of the corresponding problem.
The numerical results show that the slope of

In(v) versus x/D 1is not constant, which implies
that B8 s not a constant in the range of

3.1 ¢ x/D < 4.2 as suggested in Ref. 10. Analysis
of numerical results shows that for x/D, up to
approximately 3.6, the generation term in k-e¢
equations is of the same order of magnitude as the
diffusion term. Therefore, the solution obtained
for purely diffusive turbulence may not apply in
this region. The length scale, L is plotted in
Fig. 5 as a function of the radial distance from
the axis. Figure 5 shows that the length scale at
a given axial location is essentially uniform
except close to the tank wall. However, the length
scale varies with the axial distance which is not
in agreement with Sonin, et a1.10 conclusion that
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for high Reynolds number the length scale is con-
stant and locked to the system diameter. Near the
surface, the numerical solution for the jet Reynolds
number of 50 000 shows that L/D varies between
0.42 and 0.6.

The analytical solution obtained in Ref. 10
should indeed be valid if x 1is sufficiently large
(theoretically x » «). In order to investigate
the effects of the liquid depth and the boundary
conditions (14) for k and ¢ imposed at the
interface, numerical solutions for a fixed jet
Reynolds number of 110 000 were obtained for liquid
depths of xg/D = 4.65 and 7.2. The variation of
the turbulent kinetic energy, k, and the length
scale, L, as a function of x/D s shown in
Figs. 6 and 7. As seen from these figures the solu-
tion remains practically unaffected for x/D up to
3.6, and the length scale L/D attains almost a
constant value 0.9 for large x/D. The region
3.6 < x/D ¢ 4.6 probably represents transition to
purely diffusive turbulence where the effect of mean
circulatory is negligible. However, the numerical
results show that turbulent kinetic energy in steady
diffusive turbulence region increases or approxi-
mately remain constant with the axial distance, x,
which is unrealistic. In our opinion, it is caused
by the imposition of the boundary conditons of 93/3x
of all turbulence quantities zero at the interface.
Also the constants incorporated in the model may not
be appropriate. In the damped layer, close to the
surface where the vertical component of turbulent
velocity damps out, the use of the Reynolds-Stress
equations may be useful. However, before a particu-
lar model is chosen, we feel that it is more impor-
tant to resolve first, the issues associated with
the free surface boundary condtions for the turbu-
lence quantities.

Conclusions

The k-¢ model of turbulence is used to
obtain numerical solutions of an axisymmetric turbu-
lent jet discharging axially into a cylindrical
tank and directed towards the liquid vapor inter-
face. The numerical results presented in the paper
were performed using input conditions representa-
tive to those of Refs. 10 and 11. 1In the region
where the turbulence is approximately isotropic,
the calculated values of the turbulent velocity com-
pare well with the experiment.

The calculated values of the length scale
L = k3/2/¢  do not agree with the conclusion and
analytical solution of Ref. 10. [f the interface-

is far away from the jet, approximately xs/D > 4.5,
it does not affect the solution up to x/D = 3.6.
However, the boundary conditions for k and e

imposed at the interface affect the solution in the
entire region of diffusive turbulence. The results
obtained by using the boundary conditions (14) for
large xg/D apprear to be unrealistic.
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distribution and the length scale associated with the k-e model are calculated as functions of jet flow rates and
system parameters. Numerical results are compared with appropriate experimental data. The problems associated
with the free surface boundary conditions for the turbulent quantities are discussed.
- ; .
TOR B v EOREY ’ o Ao Yoy %
LiQu o - ATOR AL A ?')D“ W VL © Do
P R R L o - C G
A Bt 4 - L ‘ EENE VA IR STl S
17. Key Words (Suggested by Author(s})) 18. Distribution Statement

Axisymmetric confined turbulent jet; Unclassified — Unlimited

Liquid-vapor interface

Subject Category 34

19. Security Classif. (of this report)
Unclassified

20. Security Classif. (of this page)
Unclassified

21. No of pages
10

22. Price*
A02

NASA FORM 1626 OCT 86

*For sale by the National Technical Information Service, Springfield, Virginia 22161






